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ABSTRACT

>' he objective of the program was to apply nondestructive evaluation
(NDE) methods to assess the integrity of FP/magnesium composites. The
material investigated was ZE41A magnesium alloy reinforced with FP
(aluminum oxide) fibers. The 21 specimens (three specimens of each of
six flaw types and three unflawed specimensywere evaluated using ultra-
sonic scanning, wave propagation velocity, wave attenuation, and X-ray
radiograph inspection techniques The specimens evaluated were 12.7 cm
(5 in.) long x 3.8 cm (1.5 in.) wide x 0.6 cm (0.25 in.) thick, with a
fiber volume fraction of 0.50. After the NDE inspections were completed,
a representative specimen from each of the seven groups was Fectioned and
micrographs were made for comparison with the NDE records. it was found
that ultrasonic scanning using a 15 MHz compression wave, focused trans-
ducer operated in the pulse-echo mode generating an analog C-scan gave
the best results. The wave attenuation and wave propagation velocity
measurements were found to be very consistent with the ultrasonic C-scans,
but X-ray radiography was useful only at locations of gross material
defect.
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1. INTRODUCTION

Advanced metal-matrix composite materials possess unique mechanical and

physical characteristics which make them highly desirable for specific appli-

cations. In addition to the advantages afforded by the anisotropic character-

istics common to all composite materials, they have many additional advan-

tages. In general, they exhibit high shear strength and shear modulus, high

transverse tensile strength, excellent stability over a wide temperature

range, good strength retention, excellent fatigue and creep properties, and

high impact strength. They are easily formed and machined, easily repaired,

and amenable to typical aerospa'e sheet metal design and fabrication.

Composite systems that have received the most attention to data are

boron/aluminum, borsic/aluminum, and graphite/aluminum.1 More recently, with

the advent of aluminum oxide (FP) fibers in continuous form, systems such as

FP/aluminum and FP/magnesium have been introduced by DuPont. The basic fabri-

cation (casting) techniques for these composites have been developed by

DuPont. However, there is a need for further improvement in the fabrication

processes. It is, therefore, of great importance to be able to assess the

quality of the composite and to characterize all possible types of flaws that

may be introduced during fabrication.

The objective of the program was to apply established nondestructive

evaluation (NDE) methods to assess the integrity of FP/magnesium composites

utilizing sound and intentionally flawed test coupons.

One of the most common and widely accepted NDE methods is ultrasonic
2inspection. Methods and principles for ultrasonic inspection and flaw detec-

tion in materials are detailed in the literature. 2 4  Basically, a high fre-

quency sound (1 to 25 MHz) is emitted in periodic bursts from an ultrasonic

transducer through a coupling medium into the specimen material being in-

spected. The resulting attenuated pulse emerging from the specimen is picked

up by a receiving transducer; the information from it is electronically pro-

cessed; and the data are displayed for the evaluation of presence, size, and

location of flaws.

lIT RESEARCH INSTITUTE
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The preferred method of flaw identification is by comparison of pulse

information obtained from known flawed and unflawed standard specimens.

Appropriate standards, especially In laminated composites, are not always easy

to produce and sometimes are not feasible. Alternative pulse processing/

identification techniques for ultrasonic inspection, such as frequency and

phase shift analysis and adaptive learning techniques, are being developed. 5 9

The ultrasonic scanning inspections were conducted using ultrasonic

transducers of 1, 2.25, 5, 10, and 15 MHz frequencies operated in the pulse-

echo mode. The acoustic couplant between the focused, immersion transducers

and the specimens was water. The data generated during scanning were recorded

on an X-Y plotter as pen-lift and analog C-scans and on oscilloscope photo-

graphs of A-scans. The photographs were used as additional information to the

C-scans.

Wave attenuation coefficients were determined using two methods. One

method used the ultrasonic transducers mentioned above in a water delay line

technique. The other method used a 10 MHz shear wave transducer operated in

the pulse-echo mode while in intimate contact with the specimen. The data

generated were recorded on oscilloscope photographs as amplitudes versus re-

flection number. The amplitudes were then reduced to a single attenuation co-

efficient by solving a set of equations, simultaneously.

The wave propagation velocities were determined using an ultrasonic

thickness gage. The wave propagation velocities were generated by varying the

acoustic wave velocity control on the thickness gage until the indicated spec-

imen thickness was identical to that determined by micrometer.

The X-ray radiographs were generated using a 62 kV/1l mA energy level for

a 25 sec exposure time. The radiographs were made without the use of dye

penetrant or enhancement media. The micrographs were generated after specimen

sectioning and surface polishing using a standard laboratory microscope. The

microscope had a maximum magnification factor of 1OOX and was equipped with a

camera adapter unit. The micrographs verified, or refuted, the accuracy of

the NDE records.

lIT RESEARCH INSTITUTE
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2. EXPERIMENTAL PROCEDURE

2.1 SPECIMENS

The material investigated was ZE41A magnesium alloy reinforced with FP

(aluminum oxide) fibers. The specimens were coupons 12.7 cm (5 in.) long x

3.8 cm (1.5 in.) wide x 0.6 cm (0.25 in.) thick with a 0.50 fiber volume ratio.

The following FP/Mg specimens with and without defects were fabricated:

0 Type 1: Three FP/ig specimens with no intentional
flaws (Figure 1)

0 Type 2: Three FP/Mg specimens with fiber-matrix
debonding (Figure 2)

. Type 3: Three FP/Mg specimens with porosity
(Figure 3)

0 Type 4: Three FP/Mg specimens with fiber mis-
alignment (Figures 4 and 5)

0 Type 5: Three FP/Mg specimens with fiber fracture
(Figures 6 and 7)

0 Type 6: Three FP/Mg specimens with nonuniform
fiber distribution (Figures 8 and 9)

* Type 7: Three FP/Mg specimens with matrix
fracture (Figure 10).

2.2 NONDESTRUCTIVE EVALUATION METHODS

During the course of the program, at least one specimen from each of the

seven specimen types was subjected to the five NDE methods investigated in the

program. The five NDE methods used were:

0 0 Ultrasonic inspection, including A-scans, C-scans
(conventional pen-lift), and C-scans (analog)

* Altrasonic attenuation, including contact trans-
ducer and water delay line

0 * Ultrasonic backscattering

3
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Figure 1. Type I1 FP/Mg specimens with no
intentional flaws.

Figure 2. Type 2 FP/Mg specimens with fiber-
matrix debonding.
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Figure 3. Type 3 FP/Mg specimens with porosity
throughout the volume.

p

lIT RESEARCH INSTITUTE

5



100

Figure 4. Fiber orientation of fourth and fifth layers of Type 4 FP/Mg
specimens.

Figure 5. Type 4 FP/Mg spec~imens with fiber
misali gnment.
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BROKEN
FIBERS

2.54 CM 2.54 CM-

Figure 6. Fiber fracture of second, fourth, and sixth layers of Type 5

FP/Mg specimens.

Figure 7. Type 5 FP/2'g specimens with fiber
fracture.
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1.3 cm (0.5 in.)

(a)

1.3 cm (0.5 in.) Diameter

(b)

Figure 8. Areas where fibers were removed in fourth layer
Type 6 FP/Mg specimens: (a) specimens 6-1 and 6-3,
(b) specimen 6-2.

Figure 9. Type 6 FP/Mg specimens with non-
uniform fiber distribution.
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0 Wave propagation velocity

* X-ray radiography.

Each of these methods is described in detail in the following sections.

2.2.1 Ultrasonic Inspection

Figure 11 shows the overall setup of the ultrasonic scanning and recording

system used in this program. The ultrasonic transducer system is operated by

a Model 5052 UA pulser-receiver manufactured by Panametrics, Inc. It is capable

of driving the transducers in either pulse-echo or in through-transmission2,3

mode. The pulser-receiver is a broad-band device which can readily operate

transducers in the range of 1 MHz to 20 MHz. It has independent controls for

input energy, signal repetition rate, high pass filter gain, and attenuation

all of which control the final transducer signal. It provides a time domain

outout for reviewing the RF signal on an oscilloscope or spectrum analyzer.

It also has a gated peak output detector which can operate one axis of an X-Y

recorder pen for plotting the ultrasonic information contained in the variation

of the peak output signal.

The pulser-receiver was used to drive transducers of 1, 2.25, 5, 10, and

15 MHz frequency. All the transducers were immersion type, focused transducers;

2.5 cm (1 in.) in diameter for the 1, 2.25, and 5 MHz frequencies and 1.3 cm

(0.5 in.) in diameter for the 10 and 15 MHz frequencies, respectively. The

requirements for determining the transducer selection were: a standoff distance

of at least 5.1 cm (2 in.) to clear hardware associated with specimen mounting;

high damping and broad bandwidth to provide resolving power for the detection

of subsurface flaws; and a small sound-beam cross-section for good definition

of flaw boundaries in the plane of the specimen. The nominal focal length in

water of the transducers was 6.4 cm (2.5 in.). The focal spot size was 1.3 mm

(0.05 in.), which made it possible to outline the boundary of a flaw in the

plane of the specimen to within ±0.64 mm (±0.025 in.).

In addition to the transducers and pulser-receiver, three pieces of equip-

ment are required to get a complete picture of the specimen integrity. They

are an X-Y recorder, an oscilloscope, and an oscilloscope camera.
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The X-Y plotter was a Hewlett-Packard Model 7044A X-Y recorder. The X and

Y control sensitivities range from 0.25 mV/cm to 5 V/cm. The recorded C-scan

could be smaller, equal to or larger than the actual specimen up to a size of

25 cm (10 in.) x 38 cm (15 in.). The X-Y recorder could operate in either the

pen-lift or analog mode (see Figure 12). In the pen-lift mode the output from

the peak detector was channeled through an electronic alarm unit into the pen-

lift control of the recorder. The alarm unit was set to trigger the pen-lift

whenever the amplitude of the peak detector fell below a prescribed level,

indicating a flaw; otherwise, the pen stayed in contact with the paper tracing

a line. This gives detailed flaw locations in the plane of the specimen with

definite outlines of the flaw boundaries. The analog mode supplements this

information by giving a continuous record of the amplitude of the gated pulse.

It was obtained by scanning the specimen with the (alarm) unit bypassed. The

horizontal and vertical motion of the pen was effected by information fed to

the X-Y recorder by displacement transducers used on the scanning drive mecha-

nism. The scanning drive mechanism (which will be described later), like the

X-Y recorder, was used in conjunction with the compression wave immersion

transducers only.

The oscilloscope used was a Tektronix Model 445/A2/B2. This was a 50 MHz,

dual channel portable oscilloscope with deflection factors calibrated from

5 mV to 5 V/division. The horizontal deflection system provides stable trig-

gering over the full bandwidth capabilities of the vertical system. The

oscilloscope was fed with information processed by the pulser-receivero The

upper trace (Figure 13) is a voltage/time representation of the ultrasonic

signal as it passed through the specimen. This trace was generated off the

marked RF terminal of the pulser-receiver with the W-shaped pulse on the left

representing the front face reflection and the smaller M-shaped pulse on the

right representing the back face reflection.

The lower trace in Figure 13 is a voltage/time representation of the gated

portion of the pulse reflected from the back face. This trace was generated

off the gated RF terminal of the pulser-receiver. The gate window may be moved

to any position.

IIT RESEARCH INSTITUTE
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Figure 13. A-scan representation of a FP/Mg
laminate using a compressive wave trans-
ducer in the pulse-echo mode.
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Figure 14 shows the ultrasonic scanning system used with the compressive

wave immersion transducers. This system is a subsystem of the total ultrasonic

scanning and recording system as shown in Figure 11.

The system shown in Figure 11 consists of an all glass immersion tank

45.7 cm (18 in.) wide, 45.7 cm (18 in.) high, and 183 cm (72 in.) long resting

on a support table. The transparent glass tank affords distortion-free visual

observation through the tank sides during aligning of specimens and transducers

and during scanning. A sturdy steel frame resting on the support table sur-

rounds the glass tank which is accurately positioned relative to the frame.

The frame supports the mechanical system for scanning the specimens.

The mechanical system has a scanning carriage platform with three preci-

sion screw drives which move the ultrasonic transducer along three mutually

perpendicular axes. It is guided along the tank length on steel shafts

attached to the support frame. The platform is elevated aoove the tank and

can be traversed and positioned at any tank location.

Figure 14 shows the motorized screw drive for vertical motion and the

vertical scanning arm holding the ultrasonic transducer at its lower end. The

drive is capable of moving the arm in up and down scanning strokes of any ad-

justable length up to 35,6 cm (14 in.) at rates up to 127 cm/min (50 in./min).

The strokes are monitored by the cable-type electromechanical position trans-

ducer attached to the vertical drive. Figure 14 shows also the horizontal

transverse screw drive. It is manually operated and is used only for locating

or focusing the ultrasonic transducer each time a new specimen is scanned.

2.2.2 Ultrasonic Attenuation

A method of specimen inspection complementary to the determination of wave

propagation velocity is the determination of ultrasonic attenuation coefficients.

The attenuation results from geometric dispersion due to material heterogeneity

(such as the porosity of the Type 3 specimens), geometric attenuation due to

internal defects such as fiber fracture (Type 5), fiber debonding (Type 2),

delaminations and matrix cracks (Type 7), and energy dissipation due to visco-

elastic or other dissipative nature of the material.
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POSITION TRANSDUCER
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Figure 14. Ultrasonic scanning syste showing vertical and

horizontal drives, vertical position transducer, and

ultrasonic transducer scanning arm.
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The objective of the attenuation measurements was to correlate, if possible,

the measured attenuation with the condition of the material being evaluated.

Since it was important to make the amplitude measurements in a reliable, quan-

titative, and reproducible manner, a special specimen holder was fabricated

(Figure 15). Absolute measurements of attenuation were difficult because the

amplitude of the reflected or transmitted pulse depends not only on material

attenuation, but also on the energy dissipation in the coupling between trans-

ducer and specimen, and on reflection losses. The specimen holder shown in

Figure 15 was designed to minimize ultrasonic wave energy losses associated

with the transmission of ultrasound to the water through the back-face of the

specimen during immersed ultrasonic inspection. The special specimen holder

had a watertight seal which when immersed in water formed an air pocket adja-

cent to the back-face of the specimen. Since the impedance mismatch was greater

between FP/Mg and air than between FP/Mg and water, less wave energy was lost

through the back-face to the air than would be if the specimen were totally

surrounded by water.

Figure 16 shows schematically the various pulses received by the transducer

where:

t2  = travel time in water delay line

t 1 = travel time in specimen

Zl-Z2
21 = reflection coefficient in water/specimen interface

Z2-Zl
R2 Z2-Z reflection coefficient in specimen/water interface

2ZlT Z transmission coefficient from specimen to water

T Z I transmission coefficient from water to specimen

ZlZ2 = acoustic impedances of specimen and water, respectively
(product of material density and wave propagation velocity)

R10 = reflection coefficient from dry specimen surface (=1)

kal i0"2
10 , 10 attenuation per echo for specimen and water, respectively.
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Figure 16. Schematic of echoes received by transducer.
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The attenuation of the specimen material in decibels per unit length is

then expressed as:

20 10

where d is the specimen thickness.

Takii the logarithms of the amplitude ratios of the various echoes shown

in Figure 2 and setting RIO = 1, we obtain:

log A1  log IR log (Tl2 T21 )
2 2

log A1 =2 + log 2 log (TI 2 T2 1 )

3
A1

log 3a~ + log 1R21  2 log IRl2  log (T12T2 )

The equations above can be simplified by noting that:

IR21= 1R121 = R

T12T 21: 1 - R2.

Then, any two of the equations above can be solved for R and al' the only two

unknowns

The acoustic impedance for water is considered constant at Z2 = 1.5 x 106

kg/m s. The acoustic impedance for each specimen was calculated using density

ind wave propagation velocity values determined earlier.

A ,,inirrum of three measurements were made on one specimen from each of

the seven specimen types. The measurements were made using a 15 MHz focused,

compression wave, immersion transducer operated in the pulse-echo mode.

Figure 17 shows a typical ultrasonic attenuation measurement record (A-scan)

and corresponding amplitudes. The amplitudes were determined using a digital

voltmeter, variable voltage power supply, and a dual beam oscilloscope. The

amplitude voltages were determined by using one beam of the oscilloscope as a

cursor and moving it with the power supply to pass through the peak of the

various pulses. The voltages were read off the digital voltmeter.
lIT RESEARCH INSTITUTE
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Inspection Amplitude Time

Location (Volts) (10- 6 sec)

1 1.90 0.00

2 0.49 1.75

3 0.10 3.50

4 0.05 5.25

Figure 17. Ultrasonic attenuation record for PI/Mg
specimen without intentional flaws (Specimen 1-1).
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A second method of determining the ultrasonic attenuation required the

use of a 10 MHz, shear wave, contact transducer operated in the pulse-echo

mode. Ultrasonic attenuation records similar to that shown in Figure 17 were

generated and reduced using the equations presented above. When the contact
6 2transducer was used, propylene glycol (Z2 = 2.5 x 10 kg/m s) was used as an

acoustic couplant. The specimens were inspected in air so there was no reason

to use the specimen holder shown in Figure 15.

2.2.3 Ultrasonic Backscattering

Ultrasonic backscattering is a technique which utilizes the inhomogeneous,

layered nature of the composite to detect and image dominant microstructural
10

features, such as cracks, fibers, etc. The basic concept is that a defect

can be identified and possibly characterized from the magnitude dnd angular

distribution of the scattered energy. This can be accomplished by using a

device, shown schematically in Figure 18, which allows a transducer to be ro-

tated at various surface incident angles. Since the maximum backscattered

energy is received by the transmitting/receiving transducer when the transducer

is normal to the defect, the shape, location, and orientation of the defect can

be determined approximately by angularly indexing the transducer until a maxi-

mum reflected signal is generated.

The fixture built for the backscattering inspection is shown in Figure 19.

The unit was edge mounted on a 61 cm (24 in.) cubic tank. A specimen was

mounted in the special specimen holder which rests on the lower horizontal

platform. The transducer was mounted in a holder which, like the support rods,

had provision for vertical height adjustment. This was required because

focused transducers are used and the focal length must be maintained throughout

the full 3600 rotation. The incident angle of the transducer was adjustable

through 00 and 600 from the normal to the specimen surface. A potentiometer,

mounted at the rotational pivot point, supplied a linearly variable voltage to

an X-Y plotter to directly generate a reflected amplitude versus angular dis-

placement curve.

mIT RESEARCH INSTITUTE
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2.2.4 Wave Propagation Velocity

The wave propagation velocities were determined using a Panametrics

Model 5221 ultrasonic thickness gage. This is equivalent to measuring the

wave propagation velocity, since the velocity or travel time must L, known to

measure the thickness. Any deviation between the thickness measured ultra-

sonically and that measured directly with a micrometer is related to the

difference between the assumed and actual wave propagation velocity.

The longitudinal wave propagation velocities along the three principal

material axes of an anisotropic material are given by:

CII 017

22= p

33 N /ip

where Qij are stiffnesses and p the material density. Any change in propaga-

tion velocity is related to changes in modulus and/or density. In the case of

thin conposite plates two of the equations above are simplified to:

P Cl = - (1 - V12 217

C 22 22C2 2  Y! _ p (I - 12 V21)

Subscripts 1 and 2 denote fiber and transverse to the fiber directions.

Subscript 3 denotes the normal to the plate direction. In the case of the

FP/Mg specimens in question, with a 0.50 fi:ber volume tatio, the following

properties" I

El =207 GPa (30 x 106 psi)

E = 103 GPa (15 x 106 psi)

I v12 = 0.28

lIT RESEARCH INSTITUTE
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V21 = 0.14

p = 2.850 kg/m
3

were used to compute

C1 1 = 8,690 ms- l (342,125 in./sec)

C22 = 6,145 ms-
1 (241,930 in./sec).

An approximate value for the velocity across the thickness is:

C3 3 = 6,400 ms-1 (251,840 in./sec).

This then implies that any major deviation of the wave propagation velocity,

as indicated by the ultrasonic thickness gage and the C33 value shown above,

can be assumed to be due to a change in modulus and/or density. A change in

modulus could be due to fiber-matrix debonding (Type 2), fiber fracture

(Type 5), or matrix fracture (Type 7). A change in density could be due to

porosity (Type 3) or a nonuniform fiber distribution (Type 6).

2.2.5 X-Ray Radiography

X-ray radiography was done with fine-grained, single emulsion X-ray films.

The radiographs were generated using a 62 kV/l0 mA excitation energy throughout

a 25 sec exposure time. Initially, it was thought that a zinc iodide based

penetrant would enhance the radiographic detailing of internal defects; but,

the difficulties associated with the preparation and use of the penetrant

solution, along with time restrictions, precluded its use. Additionally, the

types of defects (adjacent to a free surface or edge) which could be enhanced

by the penetrant solution were readily definable by ultrasonic inspection

techniques.

2.3 TEST PROGRAM

The objective of the program was to apply nondestructive evaluation

methods to assess the integrity of FP/Mg composite specimens with various flaw/

defect types. Previous program experience12- 4 indicated that of the five NDE

methods described in the preceding section, ultrasonic inspection would be the

foundation evaluation procedure to which the other procedures would provide

supplemental/complementary information.

lIT RESEARCH INSTITUTE
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Again, based on previous program experience, and the inherent acoustic

propagation properties of composite laminate specimens, it was assumed that

the lower frequency (I and 2.25 MHz) transducers could be expected to supply

very little information on material integrity. After a cursory inspection of

several FP/Mg specimens with the 1 and 2.25 MHz transducers operated in the

pulse-echo mode, the above assumption was borne out and full surface scanning

of the specimens was initiated using a 5 MHz transducer operated in the pulse-

echo mode. Results from the 5 MHz inspections indicated that a higher frequency

transducer should generate a more detailed C-scan. It was then decided to

conduct all subsequent ultrasonic inspections with the 15 MHz transducer, the

highest frequency in IITRI's inventory of transducers.

Because of difficulties associated with using the X-Y plotter in the pen-

lift mode during some of the preliminary ultrasonic inspections, many analog

C-scans were generated. With the repair of the plotter, we were able to gener-

ate both pen-lift and analog C-scans of a single specimen in consecuLve surface

scans. Because of the sensitivity of the high frequency ultrasound to the

surface smoothness of the specimens, and because of the triggering voltages

required to operate the pen-lift mechanism on the plotter, it was determined

that the analog C-scan was a more representative assessment of material

integrity than the traditionally accepted pen-lift C-scan. A-scan oscilloscope

photographs were made at selected points of interest as indicated by the analog

or pen-lift C-scans.

In order not to bias the results of the wave attenuation or wave propaga-

tion velocity inspections, preliminary data were taken in a random "blind"

procedure. That is, the ultrasonic C-scans were not available to the equipment

operator at the time the attenuation or propagation velocity measurements were

taken. Only dfter reduction of the raw data, and a general correlation between

C-scan and propagation velocity/attenuation coefficient could be drawn, were

measurements taken at locatlons.of "apparent material flaw/damage" as irdicated

by the C~scanso The term "apparent material flaw/damage" refers to the fact

that the true material integrity could not be determined until sectioning and

micrographic inspections were completed.

lIT RESEARCH INSTITUTE
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The X-ray radiography and backscattering measurements were taken without

regard to the other inspection procedures since they would not affect the
results of those procedures.

Each of the NDE procedures was applied to all of the specimens sequen-

tially to completion before a different or variation of a procedure was ini-

tiated. For example, all the 5 MHz ultrasonic inspections were completed

before the wave propagation velocity measurements were started.

lIT RESEARCH INSTITUTE
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3. RESULTS

Results of the assessment of material integrity as determined by nondes-

tructive evaluation are presented here for a representative specimen of each

of the specimen types investigated. Ultrasonic C-scans of the remaining spec-

imens of each group are presented in the Appendix.

3.1 TYPE 1 SPECIMEN
The representative specimen for the Type 1 group, with no intentional

flaws, is Specimen 1-1.

3.1.1 Physical Properties

Prior to nondestructive inspection, all specimens were weighed and mea-

sured. This was done so that experimentally determined values of wave propa-

gation velocity could be compared with the corresponding theoretical values.

LI I1= 12.87 cm (5.068 in.)

W1_ I1= 3.82 cm (1.504 in.)

T1 1 = 0.59 cm (0.231 in.)

MI_ 1 = 81.2016 g (0.179 Ib)

where L = "average" length

W = "average" width
T = "average" thickness

M = "average" mass of the specimen indicated by subscript.

The "average" value is based on a minimum of four independent measure-

ments.

Since p = M/L x W x T, where p = density, substituting value results in

P1-1 = 2.80 g/cm3 (0.101 lb/in3 ).

Replacing P1_1 in the wave propagation velocity equation pre .;ed in

Subsection 2.2.4 yields

C33 1 1 = 6209 ms-1 (244,400 in/sec).

lIT RESEARCH INSTITUTE
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As a baseline, a similar evaluation was done on a coupon of ZE41A magne-

sium alloy without FP fibers with the following results:

PMg = 1.81 g/cm 3 , and C3 3Mg = 5645 ms "I (222,190 in/sec).

3.1.2 Ultrasonic Inspection

Figures 20 and 21 are pen-lift and analog C-scans, respectively, of Spec-

imen 1-1. Both C-scans were generated using a 15 MHz, immersion, compression

wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture (Figure 15).

The areas of "apparent flaws" were determined to be either surface irreg-

ularities or excess amounts of sealant which extruded onto the front face of

the specimen. This determination was made by visual inspection and by inter-

pretation of A-scan photographs taken at the areas of "apparent flaws." Fig-

ure 22 shows characteristic A-scans at an "apparently unflawed and flawed"

location on Specimen 1-1.

The key to interpreting the two A-scans in Figure 22 is the relative

shape and size of the front and back-face reflections. The difference between

the A-scan at the "unflawed location (Figure 22a) and at the "flawed" location

(Figure 22b) is a decrease in the amplitude of the front-face reflection of

the waveform. This is an indication of a minor irregularity at the front-face

of the specimen. In this instance an air bubble was attached to the front-

face of Specimen 1-1. Similar A-scans were generated where surface irregular-

ities (such as scratches) or excess sealant were present. Figure 23, a pen-

lift C-scan of Specimen 1-1, which was generated using a 5 MHz, immersion,

compression wave transducer operated in the pulse-echo mode, gives a better

overall representation of the material integrity for this particular specimen,

but is less sensitive to the presence of defects than the C-scans shown in

Figures 20 and 21. This exemplifies the fact that the C-scan only indicates

the presence of a defect, and provides limited information about the type or

severity of a defect.

3.1.3 Wave Propagation Velocity

Figure 24 is a schematic drawing showing the locations where wave propa-

gation velocity measurements were taken on Specimen 1-1 and the specimens
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(a)

II /

(b)

Figure 22. Amplitude-time records (A-scans) of ultrasonic

pulse at two locations of Specimen 1-1. (a) Unflawed
location, (b) flawed location. (0.5 V/div, 0.5 usec/div)
15 MHz transducer in pulse-echo mode.
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shown in the subsections to follow. This procedure was used to generate a

data base large enough that an average velocity and gross deviations from the

average velocity could be readily determined.

Table 1 shows the wave propagation velocities for the 20 inspection loca-

tions shown in Figure 24 and the average wave propagation velocity of the 20

measurements. There is good agreement (less than 5% deviation) between the

empirical average of 6466 ms - and the theoretical value of 6209 ms- I. This

was expected since the Type 1 specimens had no intentional flaws. The conti-

nuity of the velocity measurements (the deviation was less than ±3% from the

average) indicates that the specimen material was "uniform" in integrity.

"Uniform" means within a reasonably acceptable variation range of ±5% from

both the empirical average and the calculated, theoretical value of wave prop-

agation velocity. The wave propagation velocity technique indicated uniform

material integrity in keeping with theory for a specimen with no intentional

flaws.

3.1.4 Wave Attenuation

Figure 20 shows the four locations where ultrasonic wave attenuation

measurements were recorded. The material attenuation coefficients shown in

Table 2 were determined by using the water delay line and contact transducer

techniques.

The attenuation coefficients are in "good agreement" with the ultrasonic

C-scans and wave propagation velocity results for Specimen 1-1. For the pur-

pose of this report, "good agreement" means that the calculated attenuation

coefficients were consistent at the various inspection locations for both the

water delay line and contact transducer technique, and with one another within

each of the two techniques. As was indicated by the wave propagation data,

the continuity of the material attenuation data indicates the material was

"uniform" in integrity.

The consistency of the measured wave propagation velocities and material

attenuation coefficients indicated that the average values shown in Tables I

and 2, respectively, could be used as the baseline to which subsequent data

are compared.

lIT RESEARCH INSTITUTE
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TABLE 1. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 1-1)

Velocity,

Inspection Location ms-1 (10. fn/sec)

1 6461 (2.543)

2 6479 (2.550)

3 6486 (2.553)

4 6512 (2.563)

5 6527 (2.569)

6 6507 (2.561)

7 6486 (2.553)

8 6512 (2.563)

9 6494 (2.556)

10 6499 (2.558)

11 6479 (2.550)

12 6502 (2.559)

13 6433 (2.532)

14 6423 (2.528)

15 6453 (2.540)

16 6461 (2.543)

17 6471 (2.547)

18 6453 (2.540)

19 6339 (2.495)

20 6344 (2.497)

Average: 6466 (2.545)
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TABLE 2. ULTRASONIC WAVE ATTENUATION COEFFICIENTS (SPECIMEN 1-1)

Specimen Material Attenuation (a),
Attenuation (q), dB Thickness dB/cm (dB/in.)

Inspection Water Delay Contact d1 , Water Delay Contact
Location Line Transducer cm (in.) Line Transducer

1-1-1 0.189 0.202 0.585 (0.230) 0.32 (0.82) 0.35 (0.88)

1-1-2 0.193 0.204 0.585 (0.230 0.33 (0.83) 0.35 (0.88)

1-1-3 0.195 0.204 0.585 (0.230) 0.33 (0.83) 0.35 (0.88)

1-1-4 0.191 0.202 0.585 (0.230) 0.33 (0.83) 0.35 (0.88)

Average 0.192 0.203 0.585 (0.230) 0.33 (0.83) 0.35 (0.88)

3
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3.1.5 X-Ray Radiography

Figure 25 shows the X-ray radiography for Specimen 1-1. As was expected

for a specimen with no intentional flaws, the radiograph shows no indication

of the presence of any material damage.

Figure 25. X-ray radiograph of FP/Mg specimen

with no intentional flaws (Specimen 1-1).

3.1.6 Ultrasonic Backscattering

Figure 26 is a characteristic backscatter curve of Specimen 1-1. The

incident angle (a) of the 5 MHz immersion transducer operated in the pulse-

echo mode was 200 with respect to a line normal to the front-face surface

plane of the specimen. The curve shows activity only as the focal axis of the
0 transducer sweeps near and through the plane normal to the fiber orientation.

Any activity shown away from B = 90° ± 50 would be due to a material defect,

since all the specimens, with the exception of Type 4, had a uniaxial fiber

orientation. The curve in Figure 26 indicates no material defects in the area
of inspection of Specimen 1-1.

3.1.7 Micrographic Inspection

Figures 27 and 28 show four micrographs each of sections cut and polished

0 from Specimen 1-1. The sections indicated on Figures 27 and 28 correspond to

the inspection locations shown on Figure 20. These micrographs indicate the

specimen had uniform material integrity, as expected for a specimen with no

intentional flaws. There are no indications of gross defects in the material

I at any of the inspection locations. At the 200X magnification, individual

fiber bundles can be seen as dark circles, but no gross material defects are
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(b)

Figure 27. Micrographs (5X) of Fp/Mg Specimen 1-1 (no

* intentional flaws) at four locations: (a) Location
1-1-1, (b) Location 1-1-2, (c) Location 1-1-3, and

.(d) Location 1-1-4.
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evident. The fiber bundles appear to be uniformly distributed throughout the

area of inspection of the micrograph.

3.1.8 Comparison of Inspection Procedures

All of the NDE procedures used to evaluate Specimen 1-1 indicated that

the specimen had uniform material integrity within acceptable experimental

tolerances in keeping with its "no intentional flaws" description. The NDE

procedures indicated that there would be no difficulties in using all the pro-

cedures on all the specimens with reproducible results. It was determined

that the ultrasonic C-scan would be the primary imaging NDE technique, while

the other techniques would be required to provide support data to accurately

define the defect type.

3.2 TYPE 2 SPECIMEN

The representative specimen for the Type 2 group, with fiber-matrix de-

bonding, is Specimen 2-1.

3.2.1 Physical Properties

The pertinent physical properties for Specimen 2-1 are as follows:

L2-1 = 12.87 cm (5.066 in.)

W2-1 = 3.82 cm (1.505 in.)

T2-1 = 0.64 cm (0.252 in.)

M2- 1 = 91.4231 g (0.201 lb)

P2-1 = 2.91 g/cm 3 (0.105 lb/in 3)

C33 2-1 = 6090 ms
"I (239,700 in/sec).

These values indicate a 4% higher density, and 2% lower theoretical wave

propagation velocity than the baseline of Specimen 1-1. These values are

within an acceptable tolerance of +5% from the baseline values.

3.2.2 Ultrasonic Inspection

Figures 29 and 30 are pen-lift and analog C-scans, respectively, of Spec-

imen 2-1. Both C-scans were generated using a 15 MHz immersion, compression

wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture.

Both C-scans show a strip of apparently flawed material running the

length of the specimen adjacent to the lower edge. The strip was 1.47 cm
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(0.58 In.) wide. The remaining areas of apparent flaws were determined to be

surface irregularities by A-scan interpretation.

A-scan photographs were taken in the strip of apparently flawed material

as indicated by the C-scans (Figures 29 and 30). Figure 31 shows an A-scan at

an unflawed location (Figure 31a) and an apparently flawed location within the

strip (Figure 31b). The A-scan of the unflawed location of Specimen 2-1 is in

good agreement with a similar A-scan of an unflawed location of Specimen 1-1

(Figure 22a). Figure 31b is a classic representation of a specimen with a de-

lamination. The delamination is indicated by the large "M" shape in the wave-

form between the front and back-face reflections.

The delamination acts like a free surface, in that it reflects a majority

of the ultrasound back to the transducer instead of allowing the ultrasound to

pass across the delamination to be reflected by the back-face of the specimen.

The amplitude of the delamination reflection is determined by the relative po-

sitions of the transmitting/receiving transducer and the delamination within

the specimen. The closer the transducer is to the delamination, the higher

the reflection amplitude because the material attenuation is less. Because a

small portion of the ultrasound crossed the delamination, the amplitude of the

back-face reflection decreased to where the location of the back-face was al-

most unidentifiable. The position of the delamination reflection indicates

the delamination could be expected to be found near the mid-thickness of the

specimen, most probably between the third and fourth plies or fourth and fifth

plies.

For Specimen 2-1, ultrasonic inspection, pen-lift/analog C-scan, and A-

scan photographs gave a representative indication of the presence of a delami-

nation near the mid-thickness of the specimen. Visual inspection of Specimen

2-1 confirmed the presence of the delamination since the defect was open to

the free surface on the lower edge. Subsequent discussions with DuPont per-

sonnel, reported in the ninth monthly progress report (IITRI-M06084-9), indi-

cated that the Type 2 specimens were fabricated with delaminations instead of

fiber-matrix debonding.

3.2.3 Wave Propagation Velocity

Table 3 shows the wave propagation velocities for the 20 inspection loca-

tions shown in Figure 24 and the average wave propagation velocity of the 2n
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(a)

Figure 31. Amplitude-time records (A-scans) of
ultrasonic pulse at two locations of Specimen
2-1 (fiber-matrix debonding). (a) Unflawed
location, (b) flawed location. (0.5 V/div,
0.5 Us/div.) 15 MHz transqducer in pulse-echo
mode.
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TABLE 3. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 2-1)

Veloc ity,
Inspection Location ms- , (IO in/sec)

1 12513 (4.925)

2 13305 (5.237)

3 13366 (5.261)

4 13727 (5.403)
5 13709 (5.396)

6 13034 (5.130)

7 13697 (5.391)

8 13079 (5.148)

9 13646 (5.371)

10 13196 (5.194)

11 14009 (5.514)

12 13183 (5.189)

13 13745 (5.410)

14 13567 (5.340)

15 13506 (5.316)

16 12348 (4.860)

17 12899 (5.077)

18 12924 (5.086)

19 12449 (4.900)

20 12833 (5.051)

Average: 13237 (5.210)
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measurements. There is little correlation between the average wave propaga-

tion velocity shown in Table 3 and the theoretical value of 6900 ms"1 and the

empirical value of 6466 ms"1 from Specimen 1-1. This is directly traceable to

the presence of the delamination shown in the ultrasonic C-scan.

The average wave propagation velocity of 13,237 ms-1 (521,000 in/sec) for

Specimen 2-1 is approximately twice the theoretical and empirical values shown

above. This occurred because the delamination was at mid-thickness and be-

cause the thickness gage is an ultrasonic device. Once again the ultrasound

was reflected by the delamination instead of the back-face of the specimen.

Since the wave propagation velocity setting on the thickness gage was set such

that the ultrasonically indicated thickness corresponded to that determined by

micrometer, the wave propagation velocity appeared to be twice as fast as ex-

pected. By approximately correcting for the presence of the delamination by

dividing by 2 (since the delamination was near mid-thickness), the "corrected"

average wave propagation velocity is 6619 ms-1 (260,500 in/sec) which is with-

in 9% of the theoretical value and within 3% of the empirical value for Speci-

men 1-1.

The large variation in the individual measurements of wave propagation

velocity was also caused by the delamination. The irregular nature (variable

material thicknesses and delamination separation distances) of interlaminar

separations tends to dissipate ultrasonic wave energy at various rates at var-

ious locations on the specimen resulting in a scattering of the measured wave
propagation velocities.

For Specimen 2-1, wave propagation velocity measurements supported the

ultrasonic C-scans and agreed very well with the A-scans as to the position of

0p the delamination through the thickness.

3.2.4 Wave Attenuation

Figure 29 shows the seven locations where ultrasonic wave attenuation

measurements were recorded. Because of the dissipative nature of the delami-
nation and its mid-thickness location, it was impossible to get a sufficient

number of measurable reflected pulse amplitudes to reduce the attenuation co-

efficient equations. Neither the water delay line nor the contact transducer

technique was able to generate reproducible values for Specimen 2-1. Either
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of the two techniques could be expected to work on Specimen 2-1 if a higher

transducer excitation energy was available.

3.2.5 X-Ray Radiography

Figure 32.shows the X-ray radiograph for Specimen 2-1 where a contrast

change indicates the presence of the delamination shown in the ultrasonic C-

scans. No enhancement media was used to generate Figure 31. Both the extent

and width of the delamination agree wel7 with the C-scan.

Figure 32. X-ray radiograph of FP/Mg specimen with fiber-matrix
debonding/delamination (Specimen 2-1).

This indicates that X-ray radiography works well in showing a gross

planar defect parallel to the fiber plies. The contrast difference between

the unflawed and flawed areas of material could be enhanced with the use of a

dye or penetrant since the delamination is open to a free surface.

For Specimen 2-1, X-ray radiography supported the ultrasonic C-scans as

to the extent of the delamination, but did not provide any through-the-thick-

ness information as did the A-scans.

3.2.6 Ultrasonic Backscattering

Figure 33 is a backscatter curve of Specimen 2-1. The incident angle (a)

of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen. As

before, the curve shows activity only as the focal axis - the transducer

sweeps near and through the plane normal to the fiber orientation.

The only apparent effect of the defect area is the reduction of the re-

flected pulse amplitude from that of Specimen 1-1 (Figure 26). This is be-

cause of the attenuative nature of the delamination in that multiple internal

reflections occur between the delamination and free surfaces causing a reduc-

tion of reflected pulse amplitude.
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3.2.7 Milcrographlc Inspection

Figures 34 and 35 show four micrographs each of sections cut and polished

from Specimen 2-1. Section locations 2-1-1, 2-1-2, 2-1-3, and 2-1-4 on Fig-

ures 34 and 35 correspond to inspection locations 2-1-1, 2-1-3, 2-1-5, and

2-1-7 on Figure 29, respectively.

The micrographs clearly show the debonding/delamination indicated by the

ultrasonic C-scans. The extent of the delamination across the width of the

specimen is far greater than that shown by the C-scan. This indicates that

the delamination was "tight" or filled beyond the point indicated by the ul-

trasonic C-scans. A "tight" delamination is one where the material has two

distinct surfaces, but they are compressed together by internal or external

forces to such an extent that ultrasound passes across the delamination as if

it were not present. A tight delamination can be shown by ultrasonic inspec-

tion by using lower frequency (longer wavelength) ultrasound or raising the

attenuation level of the ultrasonic pulser-receiver if the presence of a tight

delamination is expected. Care must be taken if either of the two changes

mentioned above is to be implemented because these could result in distortion,

misinterpretation, or overlooking critical defects within the material. It is

normally assumed that an area of tight delamination accompanies a gross de-

lamination since the stress distribution within a specimen precludes the pos-

siblity of a delamination being present without a material transition accom-

panying it.

The 200X micrographs in Figure 35 tend to support the filled delamination

assumption. This comes from the fact that the originals of the figures shown

illustrate grey tones at the delamination instead of the dark black normally

associated with cracks/delaminations viewed under high magnification. The

material in the delamination could be either an oxide form of the matrix (from

prolonged immersion during scanning) or a mineral deposit trapped in the de-

lamination supplied by the water immersion medium.

3.2.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 2-1, ultrasonic inspec-
tion, wave propagation velocity, and X-ray radiography indicated the presence

of the mid-thickness delamination. Ultrasonic inspection (C-scans with sup-

porting A-scans) gave the most information in that it determined the extent of
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Figure 34. Micrographs (5X) of FP/Mg Specimen 2-1
(fiber-matrix debonding) at four section locations:
(a) Location 2-1-1, (b) Location 2-1-2, (c) Loca-
tion 2-1-3, and (d) Location 2-1-4.

53



rUp

44
14 Q

I. 4 Je

~ I4II

'li14

4w1

544-



the delamination strip (by C-scan) and its through-the-thickness location (by

A-scan). Wave propagation velocity measurements indicated the presence of a

gross planar defect, but could not supply any through-the-thickness informa-

tion.

Wave attenuation and backscattering provided virtually no information as

to the state of material integrity of Specimen 2-1.

3.3 TYPE 3 SPECIMEN

The representative specimen for the Type 3 group, with porosity, is

Specimen 3-1.

3.3.1 Physical Properties

The pertinent physical properties for Specimen 3-1 are as follows:

L3- 1 = 12.91 cm (5.083 in.)

W3-1 = 3.84 cm (1.510 in.)

T3-1 = 0.44 cm (0.174 in.)

M3- 1 = 63.4985 g (0.140 lb)

P3-1 = 2.91 g/cm (0.105 lb/in)

C33 3-1 = 6090 ms- 1 (239,700 in/sec)

The physical properties of P3- 1 and C33 3-1 are identical to those values

for Specimen 2-1 and are within an acceptable tolerance of ±5% from the base-

line values.

3.3.2 Ultrasonic Inspection

Figures 36 and 37 are pen-lift and analog C-scans, respectively, of Spe-

cimen 3-1. Both C-scans were generated using a 15 MHz immersion, compression

wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture.

Both C-scans show a well-defined area of apparently flawed material in-

volving approximately 20% of the specimen. The narrow bands of apparent

damage running parallel to the fiber directiuni were identified as surface

scratches by A-scan interpretation and visual inspection.

Figure 38 shows an A-scan photograph of Specimen 3-1 at an unflawed, and

a flawed location, respectively. The A-scan photograph of the flawed ncation

(Figure 38b) was taken at inspection location 3-1-3 as indicated on Figure 36.
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(a)

(b)

Figure 38. Amplitude-time records (A-scans) of
ultrasonic pulse at two locations of Specimen
3-1 (porosity). (a) Unflawed location, (b)
flawed location. (0.5 V/div, 0.5 P~s/div.)
15 MHz transducer in pulse-echo mode.
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the transmitting/receiving transducer. The fact that the specimen leached air

from the front-face at the apparently flawed area when immersed in water indi-

cates the front-face surface did have porosity. The small "M" at mid-thickness

indicates that the porosity was not through-the-thickness. The "M" indicates

a reflective surface since the waveform is inverted. This implies that the

porosity existed through the first fifth and sixth plies and the last 2 or 3

plies were left intact. The back-face reflection disappears because of the

combined effect of the porosity and the reflective surface. The porosity

causes rapid and severe dissipation of the ultrasonic wave energy because of

impedance difference between the fiber/matrix material and the entrapped air

pores. The porosity forms an energy sink which allows the wave intensity to

decrease radially as opposed to remaining more coherent in the axis normal to

the front-face. The reflective surface adds to the dissipation in that a por-

tion of the minimal wave energy remaining after transmission through the por-

ous medium is lost in reflection from the surface. Therefore, the net result

is that the porosity and reflective surface dissipated enough of the ultra-

sonic wave energy that the wave could not "reach" the back-face of the speci-

men so the back-face effectively "disappeared" from the A-scan.

For Specimen 3-1, ultrasonic inspection, pen-lift/analog C-scan, and A-

scan photographs gave an indication of the presence of an area of porosity in-

volving up to 6 of the 8 plies of the specimen.

3.3.3 Wave Propagation Velocity

Table 4 shows the wave propagation velocities for the 20 inspection loca-

tions shown in Figure 24 and the average wave propagation velocity of the 20

measurements. The average wave propagation velocity for Specimen 3-1 is

within 11% of the theoretical value of 6090 ms"1 for Specimen 3-1 and within

5% of the empirical average of 6466 ms-1 for Specimen 1-1.

Of particular interest for this specimen are the wave velocities at the

four inspection locations shown on Figure 36 (3-1-1 through 3-1-4) and inspec-

tion location 15 from Table 4. Inspection locations 3-1-1, 3-1-2, 3-1-3, and

3-1-4 correspond to locations 4, 8, 12, and 16 of Table 4, respectively. The

selected data for these locations are compiled in Table 5.

The data in Table 5 correlates very well with the ultrasonic C-scans

shown in the preceding subsection. At location 3-1-2 there is no apparent
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TABLE 4. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 3-1)

Velocity,

Inspection Location ms"1 (105 in/sec)

1 6610 (2.602)

2 6687 (2.632)

3 6738 (2.652)

4 6679 (2.629)

5 6710 (2.641)

6 6751 (2.657)

7 6761 (2.661)

8 6771 (2.665)

9 6674 (2.627)

10 6522 (2.567)

11 6428 (2.530)

12 6120 (2.409)

13 5943 (2.339)

14 5864 (2.308)

15 10279 (4.046)

16 6723 (2.646)

17 6659 (2.621)

18 6690 (2.633)

19 6702 (2.638)

20 6778 (2.668)

Average: 6756 (2.659)
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material damage which is shown as the highest "near average" wave velocity.

Conversely, at location 3-1-3 there is apparent material damage where the

lowest "near average" wave velocity appears. Locations 3-1-1 and 3-1-4 show

varying amounts of apparent damage with wave velocities within the velocity

extremes of locations 3-1-2 and 3-1-3, respectively.

Location 15 (from Table 4) shows a disproportionately high wave veloc-

ity. This supports the existence of the reflective surface indicated in the

A-scan (Figure 38b) in the preceding subsection. As was seen for Specimen 2-

1, the presence of a reflective surface (the delamination in Specimen 2-1)

causes an apparent increase in the wave propagation velocity because the ul-

trasonic thickness gage was set to correspond to a finite micrometer measure-

ment, not the through-the-thickness location of a reflective surface. The

magnitude of the apparent wave velocity also supports the conclusion that the

reflective surface was near the fifth or sixth ply away from the transducer.

Based on the average wave propagation velocity of 6570 ms"I (calculated using

the 19 values from Table 4 excluding inspection location 1), if the reflective

surface was at mid-thickness the apparent wave velocity would be approximately

13,140 ms"I. Correcting for the wave velocity decrease due to the porosity in

the travel path before the reflective surface indicates that an apparent wave

propagation velocity of 10,279 ms- 1 would be seen if the reflective surface

was 72% into the thickness of the specimen from the front-face. For an 8-ply

specimen, this corresponds to between the fifth and sixth plies.
p

For Specimen 3-1, wave propagation velocity measurements supported the

ultrasonic C-scans and agreed very well with the A-scans as to the extent of

the porosity through-the-thickness.

9 3.3.4 Wave Attenuation

Table 6 shows the wave attenuation coefficients calculated from wave amp-

litude measurements generated by the water delay line and the contact trans-

ducer techniques. The inspection locations shown in Table 6 correspond to

those shown in Figure 36.

The material attenuation coefficients in Table 6 show good correlation

with one another and correspond very well with the C-scans (Figures 36 and

37). Inversely to the wave propagation velocities of the preceding subsec-

tion, the maximum attenuation values are seen at inspection location 3-1-3
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TABLE 5. SELECTED VALUES OF WAVE PROPAGATION VELOCITY
FOR FP/Mg SPECIMEN WITH POROSITY (SPECIMEN 3-1)

Inspection Location Velocity,
Fig. 34 (Table 4) ms-' (105 in/sec)

3-1-1 (4) 6679 (2.629

3-1-2 (8) 6771 (2.665)

3-1-3 (12) 6120 (2.409)

(15) 10279 (4.046)
3-1-4 (16) 6723 (2.646)

TABLE 6. ULTRASONIC WAVE ATTENUATION FOR FP/Mg
SPECIMEN WITH POROSITY (SPECIMEN 3-1)

Material Attenuation (ai),
dB/cm (dB/in.)

Inspection Water Delay Contact
Location Line Transducer

3-1-1 0.52 (1.32) 0.45 (1.14)

3-1-2 0.44 (1.12) 0.45 (1.14)

3-1-3 0.81 (2.05) 0.76 (1.93)

3-1-4 0.55 (1.39) 0.50 (1.27)
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(inspection area totally apparently flawed), and the minimum attenuation

values at inspection location 3-1-2 (inspection area totally apparently un-

flawed). Again, inspection locations 3-1-1 and 3-1-4 have attenuation values

between the extremes of locations 3-1-2 and 3-1-3, which indicated relative

percentages of apparent damage.

The material attenuation coefficients calculated for Specimen 3-1 at in-

spection location 3-1-3 are indicative of the presence of an attenuative de-

fect such as porosity. The nature of the attenuation is due to the impedance

mismatch between the FP/Mg material and air pores. This results in a lower

ultrasonic wave energy transmission across each succeeding interface; hence,

the wave energy rapidly decreases as the wave passes through the specimen.

For Specimen 3-1, the ultrasonic wave attenuation coefficients give an

accurate indication as to the presence of a defect such as porosity. The

attenuation coefficients correspond very well with the ultrasonic inspection

and wave propagation velocity data.

3.3.5 X-Ray Radiography

Figure 39 shows the X-ray radiograph for Specimen 3-1. This radiograph

has no contrast variations which give any indication of the presence of the

porosity indicated by the preceding NDE techniques.

The radiograph could possibly show the area of porosity if an enhancement

medium were used since the porous area is in contact with two free surfaces.

p

Figure 39. X-ray radiograph of FP/Mg specimen
with porosity (Specimen 3-1).
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3.3.6 Ultrasonic Backscatterlnq

Figure 40 is a backscatter curve of Specimen 3-1. The incident angle (a)

of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen. As

before, the curve shows activity only as the focal axis of the transducer

sweeps near and through the plane normal to the fiber orientation.

Similar to Specimen 2-1, the only apparent effect of the defect area is

the reduction of the reflected pulse amplitude. This is because of the atten-

uative nature of the porosity which causes a reduction of the reflected pulse

amplitude.

Ultrasonic backscattering does not appear to be applicable for determina-

tion of defects such as porosity. This technique gave no appreciable informa-

tion as to the state of the material integrity of Specimen 3-1.

3.3.7 Micrographic Inspection

Figure 41 shows six, and Figure 42 shows four micrographs of sections cut

and polished from Specimen 3-1, respectively. The section locations indicated

on Figures 41 and 42 correspond to the inspection locations shown on Figure

36.

The lower power micrographs, Figure 41, proved to be very disappointing

in that the area of apparent porosity indicated in the C-scans did not appear

as a gross material defect. At the 200X magnification level, apparent pores

can be seen, especially in Figures 42a and 42b, as highlighted by the arrows.

The pores appear as dark regions void of matrix material, but where fiber ends

can be seen. The large dark areas on Figures 42a, 42c, and 42d are fracture

or free edge surfaces of the respective sections. The viewing area of the

200X micrograph is very limited and does not show the distribution of the

porosity. In general, there was no pattern to the pore distribution. The

pores were essentially uniformly distributed throughout the cross-sections.

3.3.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 3-1, ultrasonic inspec-

tion, wave propagation velocity, and material attenuation coefficients indi-

cated the presence of porosity. Ultrasonic inspection (C-scans with support-

ing A-scans) gave the most information in that it determined the extent of the
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area of porosity (by C-scan) and its depth through-the-thickness (by A-scan).

Wave propagation measurements corresponded with A-scan information as to the

apparent depth through-the-thickness of the porous area and with wave attenua-

tion coefficients as to the dissipative nature of the defect indicating the

presence of a porous defect.

X-ray radiography and ultrasonic backscattering provided virtually no

information as to the state of material integrity of Specimen 3-1.

3.4 TYPE 4

The representative specimen for the Type 4 group, with fiber misalign-

ment, is Specimen 4-1.

3.4.1 Physical Properties

The pertinent physical properties for Specimen 4-1 are as follows:

L4- 1  = 12.87 cm (5.066 in.)

W4-1 = 3.82 cm (1.505 in.)

T4-1 = 0.64 cm (0.252 in.)

M4_1 = 89.4511 g (0.197 ib)

04-1 = 2.84 g/cm 3 (0.102 lb/in)

C33 4 -1 = 6166 ms
-1 (242,700 in/sec).

The physical properties of P4- 1 and C33 4 -1 are within an acceptable

tolerance of ±5% from the baseline values.

3.4.2 Ultrasonic Inspection

Figures 43 and 44 are pen-lift and analog C-scans, respectively of Speci-

men 4-1. Both C-scans were generated using a 15 MHz immersion, compression

wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture.

Neither C-scans show any material defect areas which could be interpreted

as being misaligned fibers. The strips of defect areas parallel to the prin-

cipal fiber direction were identified as surface scratches by visual inspec-

tion. The apparent defect area near the mid-length of the specimen perpen-

dicular to the fiber direction and in contact with the lower edge was an area

of excess sealant which bled onto the specimen after it was inserted in the

specimen holder.
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Figure 45 is a typical A-scan photograph of Specimen 4-1 at an unflawed

location. This A-scan is representative of any unflawed location on Specimen

4-1. The fact that both the front and back-face reflections are very well

defined in the A-scan indicates that the presence of fiber misalignment does

not affect the transmission of the ultrasound. This was expected since a

slight fiber misalignment (as in this case where it was 100) does not affect

the material density and barely changes the modulus of the specimen. Because

ultrasonic inspection relies upon a change in reflected wave amplitude as the

mechanism to indicate the presence of a defect, and because the wave amplitude

is a function of wave attenuation which is a function of specimen density and

modulus, a minimum number of apparent defect areas were generated. All of the

apparent defect areas were caused by surface irregularities.

For Specimen 4-1, ultrasonic inspection, pen-lift/analog C-scans and A-

scan photographs gave no indication as to the presence of fiber misalignment.
Ultrasonic inspection could become an applicable technique if a higher fre-

quency (greater than 15 MHz) were used or if the current transducers could be

operated with a higher excitation energy.

3.4.3 Wave Propagation Velocity

Table 7 shows the wave propagation velocities for the 20 inspection loca-

tions shown in Figure 24 and the average wave propagation velocity of the 20

measurements. The average wave propagation velocity for Specimen 4-1 is with-

in 6% of the theoretical value of 6166 ms"I for Specimen 4-1 and within 2% of

the empirical average of 6466 ms- I for Specimen 1-1.

The wave propagation values in Table 7 are very consistent from inspec-
.1

tion location 1 to inspection location 20 (the variation is less than ±3% from

the average). This fact, along with the closeness of the average wave propa-

gation velocities of Specimens 1-1 and 4-1, indicates that the presence of

fiber misalignment cannot be shown by the wave propagation velocity technique

for Specimtrn 4-1.

3.4.4 Wave Attenuation

Table 8 shows the material attenuation coefficients calculated for Speci-

men 4-1 from measurements taken using both the water delay line and contact

transducer technique. The inspection locations indicated in Table 8 corres-

pond to those shown on Figure 43.
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Figure 45. Amplitude-time record (A-scan) of

ultrasonic pulse at an unflawed location
of Specimen 4-1 (fiber misalignment).

(0.2 Vldic, 10 us/div.) 15 MHz trans-

ducer in pulse-echo mode.
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TABLE 7. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 4-1)

Vel city,
Inspection Location ms1 (10 in/sec)

1 6522 (2.567)

2 6466 (2.545)

3 6509 (2.562)

4 6514 (2.564)

5 6491 (2.555)

6 6486 (2.553)

7 6514 (2.564)

8 6507 (2.561)

9 6540 (2.574)

10 6550 (2.578)

11 6550 (2.578)

12 6545 (2.576)

13 6557 (2.581)

14 6585 (2.592)

15 6578 (2.589)

16 6578 (2.589)

17 6527 (2.569)

18 6517 (2.565)

19 6542 (2.575)

20 6618 (2.605)

Average: 6535 (2.572)
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TABLE 8. ULTRASONIC WAVE ATTENUATION COEFFICIENTS (SPECIMEN 4-1)

Specimen Material Attenuation (a),

Attenuation (ax), dB Thickness dB/cm (dB/in.)

Inspection Water Delay Contact d1, Water Delay Contact

Location Line Transducer cm (in.) Line Transducer

4-1-1 0.169 0.164 0.638 (0.251) 0.26 (0.67) 0.26 (0.67)

4-1-2 0.170 0.165 0.638 (0.251) 0.27 (0.68) 0.26 (0.67)

4-1-3 0.169 0.162 0.638 (0.251) 0.26 (0.67) 0.25 (0.65)

4-1-4 0.168 0.161 0.638 (0.251) 0.26 (0.67) 0.26 (0.66)

Average 0.169 0.163 0.638 (0.251) 0.26 (0.67) 0.26 (0.66)
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The average material attenuation coefficients in Table 8 agree very well

with one another for the two techniques investigated. Additiunally, the

material attenuation coefficients calculated for each inspection location are

very consistent with each other along the length of the specimen and are also

consistent for a given inspection location when either evaluation technique

was used.

The consistency mentioned above correlates very well with the results of

ultrasonic inspection and wave propagation velocity analyses in that they all

indicate uniform material integrity, but cannot distinguish the presence of

the misaligned fiber plies. The reason the wave attenuation technique cannot

discern the presence of the misaligned fibers in Specimen 4-1 is identical to

that for ultrasonic inspection, i.e., the 100 of fiber misalignment is not

drastic enough to affect the modulus of the specimen. Again, since ultrasound

attenuation is primarily a function of specimen density or modulus, and for

Specimen 4-1 neither density or modulus is drastically different from that of

a specimen with no intentional flaws (Specimen 1-1), there is no mechanism

within the specimen to cause noticeable wave attenuation.

For Specimen 4-1, ultrasonic wave attenuation does not give any indica-

tion of the presence of misaligned fibers; but, the technique is very con-

sistent with the ultrasonic inspection and wave propagation techniques.

3.4.5 X-Ray Radiography

Figure 46 shows the X-ray radiograph for Specimen 4-1. This radiograph

has no contrast variations which give any indication of the presence of fiber

misalignment. It is doubtful that an enhancement medium would improve the

results of Figure 46, since there are no flaw paths available to a penetrant

from the free surfaces.

I

Figure 46. X-ray radiograph of FP/Mg specimen
with fiber misalignment (Specimen 4-1).
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For Specimen 4-1, X-ray radiography does not give any indication of the

presence of misaligned fibers.

3.4.6 Ultrasonic Backscattering

Figure 47 is a backscatter curve of Specimen 4-1. The incident angle (a)

of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen. This

curve gives an indication as to the presence of the misaligned fibers. The

misaligned fibers produce an offset in the curve at around 8 = 800, when the

transducer focal axis is perpendicular to the misaligned fibers. The maximum

reflected amplitude remains at a = 90 because a majority of the fiber plies

are uniaxial. The dashed line segment indicates what the shape of the curve

could have been expected to be without the presence of the misaligned fibers.

The magnitude of the amplitude of the reflected pulse is closer to that shown

for Specimen 1-1 (Figure 26) than either Specimen 2-1 (Figure 33) or Specimen

3-1 (Figure 40). This indicates that there are no attenuative defects (poros-

ity, delamination, etc.) which would reduce the local material density or mod-

ulus and cause a drop in the amplitude of the reflected ultrasonic pulse.

For Specimen 4-1, ultrasonic backscattering does give an indication as to

the presence of misaligned fibers. The backscatter curve could possibly be

improved with a higher frequency transducer (greater than 5 MHz) and addition-

al signal processing equipment between the pulser-receiver and X-Y plotter.

3.4.7 Micrographtc Inspection

Figures 48 and 49 show four micrographs each of sections cut and polished

from Specimen 4-1. The section locations indicated on Figures 48 and 49 cor-

respond to the inspection locations on Figure 43.

The micrographs do not show, and were not expected to show, the two plies

of misaligned fibers. This was because the degree angle of the misalignment

is so slight that it barely affected the shape of the exposed fibers. Normal-

ly, off-axis fibers can be distinguished because they have an elliptical cross

section when viewed along the fiber axis. This can be seen for one fiber

bundle each in Figures 49a and 49d (highlighted by arrows), respectively. In
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(a)

(d)

Figure 48. Micrographs OSX) of FP/Mg Specimen 4-1
(fiber misalignment) at four section locations:
(a) Location 4-1-1, (b) Location 4-1-2, (c) Loca-
tion 4-1-3, and (d) Location 4-1-4.

78



~44

*0

Is *
1% .. 0

r,. 4.3

Op04~:

* 0 uv

44

*X

*~ W N.
& 79

&~. 00 
fu I _________________



most applications, composites are fabricated with the off-axis plies at an

angle exceeding 200 to the fiber axis and the ellipse is well defined. This

is only 100 and the ellipse is not well defined. Therefore, it is virtually

impossible to distinguish the misaligned fibers from the aligned fibers. The

long irregular shape in the center of Figure 49b is a fiber bundle segment

which became embedded in the matrix, transverse to the fibers, during either

the fabrication or sectioning/polishing process.

3.4.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 4-1, only ultrasonic

backscattering indicated the presence of fiber misalignment. Because of the

nature of the flaw, there was little or no abnormal material attenuation; and

since the other ultrasonic techniques rely upon material attenuation as the

defect indicating mechanism, they could not discern the presence of the fiber

misalignment. All of the NDE procedures were consistent in that they all

showed the specimen to have uniform material integrity.

3.5 TYPE 5 SPECIMENS

The representative specimen for the Type 5 group, with fiber fracture, is

Specimen 5-1.

3.5.1 Physical Properties

The pertinent physical properties for Specimen 5-1 are as follows:

151 = 12.85 cm (5.060 in.)

W5- 1 = 3.82 cm (1.501 in.)

T5-1 = 0.56 cm (0.219 in.)

M5-1 =79.5920 gm (0.175 lb)

P5- = 2.90 gm/cm 3 (0.104 lb/in 3)

C33 5 _1 = 6,102 ms"1 (240,200 in/sec).

The physical properties of P 5_1 and C33 5 -1 are within an acceptable

tolerance of ±5% from the baseline values.

3.5.2 Ultrasonic Inspection

Figures 50 and 51 are pen-lift and analog C-scans, respectively, of

Specimen 5-1. Both C-scans were generated using a 15 MHz immersion, compression
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wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture.

The pen-lift C-scan gives virtually no indication of the presence of the

three fiber fractures, whereas the analog C-scan clearly indicates the pre-

sence of three distinct bands of apparent fiber fracture. A-scan piotograph

interpretation indicated that the edge damage was of a delaminative nature

partially involving the center band of apparent fiber fracture. The delamina-

tions may have been caused during the fiber fracture creation or when the spe-

cimen was cut to its final size.

Figure 52 shows a typical A-scan photograph of Specimen 5-1 at an un-
t flawed (Figure 52a) and a flawed (Figure 52b) location, respectively. Figure

52a corresponds to inspection location 5-1-2 of Figure 51, and Figure 52b

corresponds to inspection location 5-1-4 of Figure 51. Figure 52a is a cha-

racteristic waveform for apparently undamaged material in that it has a well-
defined front and back-face reflection similar to that shown in Figure 22a for

Specimen 1-1 (no intentional flaws). Figure 52b clearly indicates an area of

apparent damage by the misshaping of the front-face reflection, the formation

of a mid-thickness pulse similar to that shown in Figure 31b for Specimen 2-1

(fiber-matrix debonding/delamination), and the near total disappearance of the

back-face reflection. Figure 52b indicates the presence of a highly attenua-

tive defect which has a reflective surface associated with it. This is very

similar to the waveform generated from Specimen 3-1 (porosity) shown in Figure

38b. The reduction of the amplitude of the front-face reflection indicates

that the apparent fiber fracture involved the material plies adjacent to the

front surface of the specimen as seen by the transmitting/receiving trans-

ducer. The mid-thickness pulse indicates the presence of a reflective sur-

face. This could be expected since the fiber facture was manufactured and the

number of plies which had the fractures were closely controlled. This means

that there would be an obvious demarcation between the plies with or without

fiber fracture. The fact that the back-face reflection can be clearly identi-

fied, albeit at a lower amplitude than for the unflawed location, indicates

that the attenuative effect of the apparent fiber fracture was not as great as

that of porosity where the back-face reflection virtually disappeared.

For Specimen 5-1, analog C-scan and A-scan photographs give a clear indi-

cation of the presence of fiber fracture. It is a distinct possibility that
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(a)

(b)

Figure 52. Amplitude-time records (A-scans) of
ultrason47 pulses at two locations of Specimen

5-1 (fiber fracture). (a) Unflawed location,
(b) flawed location. (0.5 V/div, 0.5 ps/div.)

15 MHz transducer in pulse-echo mode.
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pen-lift C-scans could indicate the presence of fiber fracture if higher fre-

quency (greater than 15 MHz) transducers were used, or if the voltage gating

was changed from its nominal values for triggering of the plotter pen-lift

mechanism.

3.5.3 Wave Propagation Velocity

Table 9 shows the wave propagation velocities for the 20 inspection loca-

tions shown in Figure 24 and the average wave propagation velocity of the 20

measurements. The average wave propagation velocity for Specimen 5-1 is with-

in 10% of the theoretical value of 6102 ms-1 for Specimen 5-1 and within 4% of

the empirical average of 6466 ms"1 for Specimen 1-1.

Of particular interest are inspection locations 2, 6, 10, 15, and 19 of

Table 10 which correspond to locations 5-1-1, 5-1-2, 5-1-3, 5-1-4, and 5-1-5,

respectively, of Figure 51. These locations are highlighted in Table 10.

Inspection locations 5-1-1, 5-1-2, 5-1-3, and 5-1-4 correspond to areas

of apparently unflawed material on Figure 51. The wave propagation velocities

for the four locations have a variation of less than ±5% from the specimen

empirical average of 6684 ms- 1. These values are also within 4% of the

average wave propagation velocity of Specimen 1-1 (with no intentional flaws)

which indicates that material at those locations is of a uniform integrity,

similar to that of Specimen 1-1.

Conversely, inspection location 5-1-4, which corresponds to a band of

apparent fiber fracture on Figure 50, shows a definite decrease in the wave

propagation velocity when compared to the other values shown in Table 10. The

decrease in wave velocity for Specimen 5-1 is not as drastic as that for Spe-

cimen 3-1 (porosity), but is significant enough to be considered a clear

indication of fiber fracture.

For Specimen 5-1, wave propagation velocities give an indication of the

presence of fiber fractures.

3.5.4 Wave Attenuation

Table 11 shows the material attenuation coefficients calculated for

Specimen 5-1 from measurements taken using the water delay line and contact

transducer techniques. The inspection locations indicated in Table 11 corres-

pond to those shown on Figure 51.
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TABLE 9. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 5-1)

Velocity,

Inspection Location ms-1 (105 .n/sec)

1 6684 (2.631)

2 6646 (2.616)

3 6677 (2.628)

4 6636 (2.612)

5 6695 (2.635)

6 6679 (2.629)

7 6758 (2.660)

8 6748 (2.656)

9 6758 (2.660)

10 6717 (2.644)

11 6669 (2.625)

12 6725 (2.647)

13 6641 (2.614)

14 6728 (2.648)

15 6527 (2.569)

16 6565 (2.584)

17 6651 (2.618)

18 6773 (2.666)

19 6720 (2.645)

20 6684 (2.631)

Average: 6684 (2.631)
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TABLE 10. SELECTED VALUES OF WAVE PROPAGATION VELOCITY
(SPECIMEN 5-1)

Inspection Location Velocity,
Fir. 47 (Table 9) ms1 (lOs in/sec)

5-1-1 (2) 6646 (2.616)

5-1-2 (6) 6679 (2.629)

5-1-3 (10) 6717 (2.644)

5-1-4 (15) 6527 (2.569)

5-1-5 (19) 6720 (2.645)

TABLE 11. ULTRASONIC WAVE ATTENUATION COEFFICIENTS (SPECIMEN 5-1)

Specimen Material Attenuation (a),
Attenuation (a1), dB Thickness dB/cm (dB/in.)

Inspection Water Delay Contact d1 , Water Delay Contact
Location Line Transducer cm(i n.) Line Transducer

5-1-i 0.172 0.168 0.538 (0.213) 0.32 (0.80) 0.31 (0.79)

E-1-2 0.173 0.170 0.541 (0.213) 0.32 (0.80) 0.32 (0.80)

* 5-1-3 0.134 0.145 0.536 (0.211) 0.25 (0.62) 0.27 (0.69)

5-1-4 0.225 0.216 0.538 (0.212) 0.42 (1.06) 0.40 (1.02)

5-1-5 0.188 0.173 0.538 (0.212) 0.35 (0.89) 0.32 (0.82)

Average 0.178 0.174 0.538 (0.212) 0.33 (0.83) 0.32 (0.82)
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The material attenuation coefficients at inspection locations 5-1-1,

5-1-2, 5-1-3, and 5-1-5 are consistent with one another for the water delay

line and contact transducer techniques. The average values of 0.33 dB/cm and

0.32 dB/cm, respectively, for Specimen 5-1 also agree very well with the

values of 0.33 dB/cm and 0.35 dB/cm, respectively, for Specimen 1-1 (with no

intentional flaws). The material attenuation coefficients for inspection

locations 5-1-1, 5-1-2, 5-1-3, and 5-1-5 correlate well with the analog C-scan

(Figure 51) and indicate that there is no apparent material damage at those

locations.

The material attenuation coefficient at location 5-1-4 is noticeably

higher than that for the other four inspection locations. This indicates the

presence of a material defect which is ultrasound attenuative. Fiber fracture

is an attenuative defect since the modulus of the material decreases locally

because of the decrease in stiffness associated with the broken fibers. The

increase in the material attenuation coefficient due to apparent fiber frac-

ture is lower than the increase in the material attenuation coefficient due to

apparent fiber fracture. This implies that a defect which changes the density

of a material locally has a greater attenuative effect on the ultra-sound

passing through it than does a defect which changes the modulus of a material

locally. This could become an important point in quantifying material atten-

uation coefficients to defect types.

3.5.5 X-ray Radiography

Figure 53 shows the X-ray radiograph for Specimen 5-1. This radiograph

has no contrast variations which give any indication of the presence of fiber

fractures. It is possible that an enhancement medium would improve the re-

sults of Figure 53, since the fiber fractures are open to the edges of the

specimen. The lines of fiber fracture could possibly provide a flow path for

the enhancement medium into the center of the specimen and be shown as a white

band on a radiograph.

For Specimen 5-1, X-ray radiograph does not appear to give any indication

of the presence of fiber fracture.
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Figure 53. X-ray radiograph of FP/Mg specimen with
fiber fracture (Specimen 5-1).

3.5.6 Ultrasonic Backscatterlng

Figure 54 is a backscatter curve of Specimen 5-1. The incident angle (a)

of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen.

This curve gives no indication of the presence of fiber fracture beyond

the decrease of the amplitude of the reflected pulse. The only activity on

the curve occurs when the transducer focal axis sweeps near and through the

plane normal to the fiber orientation.

For Specimen 5-1, ultrasonic backscattering does not appear to give any

appreciable indicatijn of the presence of fiber fracture.

3.5.7 Micrographic Inspection

Figure 55 shows six, and Figure 56 shows for micrographs of sections cut

and polished from Specimen 5-1. The section locations on Figures 55 and 56

correspond to the inspection locations on Figure 50.

With the exception of section 5-1-2, Figures 55b and 55e, these micro-

graphs show no indications of the presence of any gross material defects. A

possible explanation for this is that the defect (i.e., the broken fibers) is

in the same plane as the section inspection surface. This means there is no

perspective angle available where the defect can be compared against a uniform

material background. The defect could be exposed if the section were cut in a

plane parai' _ to the fibers. This is very difficult to execute since the

section cut has to be made slightly above the ply interface where the damaged

fibers are located. Compounding the problem is that most separating blades
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are on the order of half the thickness of the specimen which severely lessens

the ability to hold close tolerances.

Figures 55b and 55e indicate the presence of a gross material defect

approximately 0.85 cm (0.13 in.) square. The defect is in the plane normal to

the fibers and was not distinguishable in either of the ultrasonic C-scans.

Close inspection of Figure 55e indicates the defect appears to be porous, the

type that should have been seen in the micrographs of the Type 3 specimen.

The fact that neither ultrasonic C-scans indicated the presence of the defect,

and since the section face opposite to that of section 5-1-2 shows no trace of

the defect, it appears that the defect was very localized. Since the defect

was parallel to the ultrasound path it may have been transparent to the ultra-

sound; hence, it would not appear on the C-scans.

3.5.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 5-1, ultrasonic i

tion, wave propagation velocity, and wave attenuation indicated the pr,

of fiber fracture. Within ultrasonic inspection the analog C-scan and A-scan

photographs indicated the presence of fiber fracture whereas the pen-lift C-

scan gave no indication of the presence of fiber fracture. Interpretation of

the A-scan photographs provided information about the through-the-thickness

location and extent of the fiber fracture. The wave propagation velocity and

material attenuation data were consistent with one another and with the analog

C-scan in locating the fiber fractures and differentiating between the flawed

and unflawed areas of the specimen. The calculated material attenuation coef-
ficents indicated there may be a correlation between the change in material

attenuation as a function of whether the defect affects the local density or

-local modulus of the target specimen.

X-ray radiography and ultrasonic backscattering provided virtually no

information as to the state of material integrity of Specimen 5-1.

3.6 TYPE 6 SPECIMEN

The representative specimen for the Type 6 group, with nonuniform fiber

distribution, is Specimen 6-2.
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3.6.1 Physical Properties

The pertinent physical properties for Specimen 6-2 are as follows:

L6- 2 = 12.89 cm (5.076 in.)

W6_ 2 = 3.82 cm (1.504 in.)

T6- 2 = 0.62 cm (0.243 in.)

M6 2 = 88.0364 g (0.194 Ib)

= 2.88 g/cm 3 (0.104 lb/in 3)

C33 6 -2 = 6119 ms- I (240,840 in/sec).

The physical properties of P6-2 and C33 6 -2 are within an acceptable

toleranceof ±5% from the baseline values.

3.f,.2 Ultrasonic Inspection

Figures 57 and 58 are pen-lift and analog C-scans, respectively, of

Specimen 6-2. Both C-scans were generated using a 15 MHz immersion, compres-

sion wave transducer operated in the pulse-echo mode with the specimen held in

the special fixture. Both the pen-lift and analog C-scan clearly shows the

location and extent of the circular area of nonuniform fiber distribution.

The circular area is at mid-length of the specimen. It is towards the left

side of the specimen in Figure 57 because the left edge (approximately 20% of

the scan length) was inadvertently cropped off before mounting. The addi-

tional areas of apparently flawed material on the two C-scans were determined

to be surface irregularities by visual inspection and A-scan interpretation.

Figure 59 shows an A-scan photograph at an unflawed location (Figure 59a)

and within the area of apparent nonuniform fiber distribution (Figure 59b).

Figure 59a is a typical A-scan of a location of unflawed FP/Mg material. There

is a well-defined front and back-face reflection with very little wave activ-

ity between the faces (once again, very similar to the A-scan of Specimen 1-1

with no intentional flaws, see Figure 22a).

Figure 59b is an interesting version of an A-scan indicating a mid-thick-

ness reflective surface, similar to the A-scans for Specimen 2-1 (fiber matrix

debonding/delamination, see Figure 31b) and for Specimen 5-1 (fiber fracture,

see Figure 52b). In Figure 59b, unlike Figures 31b and 52b, the presence of

the mid-thickness pulse did not decrease the amplitude of either the front or

back-face reflection from the specimen. The explanation for this phenomenon

requires an understanding of how the area of nonuniform fiber distribution was
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(a)

(b)

Figure 59. Amplitude-time records (A-scans) of

ultrasonic pulse at two locations of Specimen

6-2 (nonuniform fiber distribution). (a) Un-

flawed location, (b) flawed location. (0.5 V1

div, 0.5 us/div.) 15 MHz transducer in pulse-

echo mode.
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formed. The area was formed by removing a circular disk from the fibers form-

ing the third and fourth plies of the specimen. When the molten magnesium

matrix material was poured onto the stacked fiber laminate and migration along

the fiber bundles occurred, the solid plies of fibers adjacent to the plies in

which the disks were removed partially collapsed and "filled" the void area

where the disks were removed. Once the magnesium solidified after cooling,

there existed in the circular area a 6-ply FP/Mg composite with uneven ply

spacing, surrounded by a ring of predominant pure magnesium transitioning into

the evenly 8-ply FP/Mg composite. Therefore, the mid-thickness pulse in the

A-scan was generated by the plies sagging into the circular area from which

the fibers were removed and the fact that the fibers did not come into inti-

mate contact with one another, but were separated by a small amount of pure

matrix material giving the appearance of a delamination being present. The

amplitudes of the front and back-face reflections did not apparently decrease

because the change of the speed of the ultrasound through the area was not

appreciable enough to appear on the oscilloscope.

The Type 6 specimens are unique in that the manufactured flaw is one

where only the composition of the material changes as opposed to the material

having a physical defect. This is an important distinction because this pro-

vides a basis for the determination of the difference between fabrication,

quality control discontinuities, and service-related defects.

For Specimen 6-2, ultrasonic inspection gives a representative indication

as to the presence and definition of areas of nonuniform fiber distribution.

3.6.3 Wave Propagation Velocity

Figure 60 shows the inspection locations on Specimen 6-2 where wave prop-

agation velocity measurements were taken. Table 12 shows the wave propagation

velocities for the 14 inspection locations shown in Figure 60, and the average

wave propagation velocity of the first nine measurements. The average wave

propagation velocity for Specimen 6-2 (for the unflawed locations) is within

6% of the theoretical value of 6119 ms"1 for Specimen 6-2 and within 1% of the

empirical average of 6466 ms- 1 for Specimen 1-1. As a comparison, the average

wave propagation velocity for the 20 inspection locations shown in Figure 24

for Specimen 6-2 was 6466 ms"1 which is identical to the empirical average for

Specimen 1-1.
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TABLE 12. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 6-2)

Velocity,

Inspection Location ms - (I0s in/sec)

6-2-1 6499 (2.558)

6-2-2 6443 (2.536)

6-2-3 6469 (2.546)

6-2-4 6410 (2.523)

6-2-5 6433 (2.532)

6-2-6 6468 (2.546)

6-2-7 6443 (2.536)

6-2-8 6471 (2.547)

6-2-9 6484 (2.552)

6-2-10 6250 (2.460)

6-2-11 6263 (2.465)

6-2-12 6293 (2.477)

6-2-13 6260 (2.464)

6-2-14 6275 (2.470)

Average 6-2-1 to 6-2-9 6458 (2.542)

Average 6-2-10 to 6-2-14 6268 (2.467)
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The wave propagation velocities for the five inspection locations (6-2-10

through 6-2-14) within the area of nonuniform fiber distribution as indicated

by the C-scans (Figures 57 and 58) show a moderate dec.ease from that within

the areas of no apparent material defect. The decrease of the wave propaga-

tion is a direct function of the change In composition of the material in that

area. This is shown by the following equation:

C336.2a = (PCT C33 1_1E)(C 3 3
1 1E) + (PCT C33Mg)(C 33Mg)

where C3 36.2a = theoretical average wave propagation velocity
within the area of nonuniform fiber distribution

PCT C33 1 _lE = percentage of the specimen thickness having the
wave propagation velocity equal to the empirical
average of Specimen 1-1 (= 0.75, since 6 of the
8-ply thickness is composite)

C3 3 1lIE = empirical average wave piopagation velocity of
Specimen 1-1 (= 6466 ms" )

PCT C3 3Mg = empirical average wave propagation velQcity of
the ZE41A magnesium coupon (= 5645 ms" )

Replacing values,

C3362a = (0.75)(6466) + (0.25)(5645) = 6261 ms
"I

The theoretical value of the average wave propagation velocity is nearly

0 identical to the measured average wave propagation velocity for the area of

nonuniform fiber distribution for Specimen 6-2.

For Specimen 6-2, wave propagation velocity values give a clear indica-

tion of the presence of an area of nonuniform fiber distribution.

3.6.4 Wave Attenuation

Table 13 shows the material attenuation coefficients calculated for Spe-

cimen 6-2 from measurements taken using the water delay line and contact

P transducer techniques. The inspection locations indicated in Table 13 corres-

pond to those shown on Figure 60.

The material attenuation coefficients for inspection locations 6-2-1

through 6-2-4 show good agreement with one another for the water delay line

technique, but not so for the contact transducer technique. This is explained
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TABLE 13. ULTRASONIC WAVE ATTENUATION COEFFICIENTS (SPECIMEN 6-2)

Specimen Material Attenuation (cx),
Attenuation (,), dB Thickness dB/cm (dB~in__

Inspection Water DeTay - ntact d1 , Water Delay Contact
Location Line Transducer cmjjn. ) Line Transducer

6-2-1 0.291 0.242 0.62 (0.243) 0.47 (1.19) 0.39 (0.99)

6-2-2 0.273 0.291 0.62 (0.243) 0.44 (1.11) 0.47 (1.20)

6-2-3 0.273 0.329 0.62 (0.243) 0.44 (1.11) 0.53 (1.35)

6-2-4 0.293 0.256 0.61 (0.240) 0.48 (1.21) 0.42 (1.06)

6-2-14 0.477 0.335 0.62 (0.243) 0.77 (1.97) 0.54 (1.37)
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by the fact that the surface of the specimen was very irregular (as shown in

the C-scans, see Figures 57 and 58); hence, the measurements taken with the

contact transducer were not as reproducible for Specimen 6-2 as the preceding

specimens.

The material attenuation coefficient at inspection location 6-2-14 (with-

in the area of nonuniform fiber distribution) is appreciably higher than those

indicated for the other locations. This would be expected at an area of non-

uniform fiber distribution because that type of defect causes a decrease in

both local density and local modulus which increases the material wave atten-

uation coefficient.

For Specimen 6-2, wave attenuation coefficients give an indication of the

presence of nonuniform fiber distribution.

3.6.5 X-Ray Radiography

Figure 61 shows the X-ray radiograph for Specimen 6-2. Although it can-

not be seen in Figure 61, the circular area of nonuniform fiber distribution

can be faintly seen in the original radiograph. An enhancement medium would

not improve the quality of a radiograph of Specimen 6-2 since the defect is

neither free surface attached (which provides a flow path for the medium), or

the type of defect into which the medium could flow if it were free surface

attached.

For Specimen 6-2, X-ray radiography gives a faint indication of the pre-

* sence of an area of nonuniform fiber distribution.

Figure 61. X-ray radiograph of FP/Mg specimen with
nonuniform fiber distribution (Specimen 6-2).
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3.6.6 Ultrasonic Backscattering

Figure 62 is a backscatter curve of Specimen 6-2. The incident angle (O)

of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen.

This curve gives no indication of the presence of an area of nonuniform

fiber distribution beyond the decrease of the amplitude of the reflected

pulse. The only activity on the curve occurs when the transducer focal axis

sweeps near and through the plane normal to the fiber orientation.

For Specimen 6-2, ultrasonic backscattering does not appear to give any

appreciable indication of the presence of an area of nonuniform fiber distri-

bution.

3.6.7 Micrographlc Inspection

Figures 63 and 64 show three micrographs each of sections cut and

polished from Specimen 6-2.

The micrographs in Figure 63 show the area (highlighted with arrows) of

nonuniform fiber distribution. There is a line of demarcation on either side

of the "defect." The bright white spots on the micrographs are calcium depos-

its left on the specimen after immersion. Figure 63a shows the poor surface

condition of the specimen when the section was cut and photographed. A dis-

turbing fact about the surface degradation is that this specimen was polished

on the front and back-face surfaces before the NDE assessment was started.

This degradation effect was seen on several specimens (both polished and un-

polished) even though special handling considerations were taken after the

specimens were immersed for ultrasonic inspection. The specimens seemed to

hold water, which probably accelerated the degradation mechanism. It does not

appear that this material, unless treated with a moisture barrier, is particu-

larly suited for use in a humid environment.

At 200X, the area of nonuniform fiber distribution is apparent in Figure

64b when compared with Figures 64a and 64c. The micrographs shown as Figures

64a and r4c were taken at sections cut through inspection locations I and 4 as

shown in Figure 60. These two locations have no intentional flaws or defects.

Figures 64a and 64c are very similar to the micrographs shown In Figure 28 for

Specimen 1-1 (no intentional flaws) as would be expected. The major differ-

ence between the micrograph of the area of nonuniform fiber distribution

lIT RESEARCH INSTITUTE

104



-4

4.)

0' 0

4-1

4.)

U4

o o

ai

to

S- t

0P- 
NN
IahU

Lr% LM

C4 Ci

S310A~~ ~~ ~ ajnltdi asn 849l

1054



Li

41
to)

4.J

0 4 t

fo -- ,

4.44.

45.

1060



hr. 1 iry0

40.".Aft "2'. A-L 1• X4oz e .-

(a)

000r 4 i r (0 W

fo f-
-24 -.

it,% ( 0

f.

(b)s
(koko~

(C)

Figure 64. Micro graphs (2OOX of FP/Mq Specimen 6-2 (nonuniform
fiber distribution) at three section locations: (a) Location
6-2-1, (b) Location 6-2-2, and (c) Location 6-2-3.
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(Figure 64b) and the other micrographs (Figures 64a and 64c) is that there is

a greater percentage of the matrix visible. This is exactly what was expected

since the area of nonuniform fiber distribution was created by removing two

fiber plies from the laminate in the circular area indicated in the C-scans

(Figures 57 and 58).

3.6.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 6-2, ultrasonic inspec-

tion, wave propagation velocity, wave attenuation, and X-ray radiography in-

dicated the presence of an area of nonuniform fiber distribution. Both C-scan

types showed the location and extent of the flawed area and interpretation of

the A-scans yielded important information about the through-the-thickness

position and attenuative nature of the flawed area. Wave propagation velocity

data and calculated material attenuation theory in differentiating unflawed

from flawed areas of the specimen. X-ray radiography showed that the shape

and extent of the area of nonuniform fiber distribution could be determined by

a method other than ultrasonic inspection.

Ultrasonic backscattering provided virtually no information as to the

state of material integrity of Specimen 6-2.

3.7 TYPE 7 SPECIMEN

The representative specimen for the Type 7 group, with matrix fracture,

* is Specimen 7-2.

3.7.1 Physical Properties

The pertinent physical properties for Specimen 7-2 are as follows:

L7- 2 = 12.80 cm (5.039 in.)

W7_2 = 3.83 cm (1.506 in.)

T7 -2 = 0.59 cm (0.232 in.)

M7_ 2 = 81.0807 g (0.178 lb)

P7-2 = 2.80 g/cm 3 (0.101 lb/in 3 )

C33 7 -2 = 6209 ms
"I (244,400 in/sec).

The physical properties of P7-2 and C33 7 -2 are within an acceptable

tolerance of ±5% from the baseline values.
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3.7.2 Ultrasonic Inspection

Figures 65 and 66 are pen-lift and analog C-scans, respectively, of Spe-

cimen 7-2. Both C-scans were generated using a 5 MHz, immersion, compression

wave transducer operated in the pulse-echo mode with the specimen held in the

special fixture.

Both C-scans give a clear indication of the presence of a flawed area

within Specimen 7-2. The C-scans agree very well with respect to the location

and extent of the flawed area. Figure 67 shows an A-scan photograph at an un-

flawed location (Figure 67a) and within the area of apparent matrix fracture

(Figure 67b). Figure 67a is a typical A-scan of a lo:ation of unflawed FP/Mg

material. There is a well-defined front and back-face reflection which is,

once again, very similar to the A-scan (Figure 22a) of Specimen 1-1 with no

intentional flaws.

Figure 67b shows a pronounced change in the shape of the front-face re-

flection and the amplitude of the back-face reflection of the ultrasonic wave-

form within the area of matrix fracture. The front-face reflected pulse shape

is unique to any of the others shown previously for flawed locations of the
FP/Mg composite material. A visual inspection of Specimen 7-2 did not reveal

any surface irregularities which could have caused the change of the front-

face reflection. This indicates that the matrix fracture was located near the

front-face of the specimen through-the-thickness and was wave energy dissipa-

tive. The wave energy dissipation conclusion is based on the reduction of

amplitude of the front and back-face pulses.

For Specimen 7-2, ultrasonic inspection gives an indication of the pre-

sence, location, and extent of an area of matrix fracture.

3.7.3 Wave Propagation Velocity

Table 14 shows the wave propagation velocities for the seven inspection

locations shown in Figure 65.

0 The wave propagation velocities for inspection locations 7-2-1 through

7-2-5 (apparently unflawed area) are very consistent with one another and the

average propagation velocity of those five measurements is within 1% of the

empirical average propagation velocity of 6466 ms-1 for Specimen 1-1. This

indicates that the material integrity of Specimen 7-2 at locations 7-2-1

through 7-2-5 is comparable to that of Specimen 1-1, i.e., has no flaws.
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(a)

(b)

Figure 67. Amliud-tm records (A-scans) of

ultrasonic pulse at two locations of Specimen
7-2 (matrix fracture). (a) Unflawed location,
(b) flawed location. (0.5 V/div, 0.5 ps/div.)
5 MHz transducer in pulse-echo mode.
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TABLE 14. WAVE PROPAGATION VELOCITY ACROSS
THE THICKNESS AT VARIOUS LOCATIONS

ALONG SPECIMEN CENTERLINE (SPECIMEN 7-2)

Velocity,
Inspection Location ms-1 (10 in/sec)

7-2-1 6464 (2.544)

7-2-2 6463 (2.543)

7-2-3 6393 (2.516)

7-2-4 6380 (2.511)

7-2-5 6451 (2.539)

Average 7-2-1 to 7-2-5 6430 (2.531)

7-2-6 6163 (2.426)

7-2-7 6151 (2.421)

Average 7-2-6, 7-2-7 6157 (2.423)

TABLE 15. ULTRASONIC WAVE ATTENUATION COEFFICIENTS (SPECIMEN 7-2)

Specimen Material Attenuation (a),
Attenuation (aj, dB Thickness dB/cm (dB/in.)___

Inspection Water Delay Contact d1 , Water Delay Contact
Location Line Transducer cm (in.) Line Transducer

7-2-1 0.236 0.254 0.59 (0.232) 0.40 (1.02) 0.43 (1.09)

7-2-2 0.248 0.242 0.59 (0.232) 0.42 (1.07) 0.41 (1.04)

7-2-3 0.236 0.224 0.59 (0.232) 0.40 (1.02) 0.38 (0.97)

7-2-4 0.230 0.254 " 0.59 (0.232) 0.39 (0.99) 0.43 (1.09)

7-2-5 0.248 0.260 0.59 (0.232) 0.42 (1.07) 0.44 (1.12)

7-2-6 0.419 0.472 0.59 (0.232) 0.71 (1.81) 0.80 (2.03)

7-2-7 0.443 0.449 0.59 (0.232) 0.75 (1.91) 0.76 (1.94)
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The wave propagation velocities for inspection locations 7-2-6 and 7-2-7

are noticeably lower than those mentioned above. This Indicates that the

flawed area, shown in Figures 65 and 66, is modestly wave energy dissipative..

This corresponds well with the conclusions drawn from ultrasonic inspection.

For Specimen 7-2, wave propagation velocity gives an indication of the

presence of an area of matrix fracture.

3.7.4 Wave Attenuation

Table 15 shows the material attenuation coefficients calculated for

Specimen 7-2 from measurements taken using the water delay line and contact

transducer techniques. The inspection locations indicated in Table 15 corres-

pond to those shown on Figure 65.

The material attenuation coefficients at all the unflawed (7-2-1 through

7-2-5) inspection locations, for both inspection techniques, show very good

agreement with one another. These coefficients favorably agree with similar

coefficients for Specimen 1-1. This again indicates that the material integ-

rity at inspection locations 7-2-1 through 7-2-5 was of a uniform nature and

similar to that of the unflawed Specimen 1-1.

The material attenuation coefficients at the flawed (7-2-6 and 7-2-7)

inspection locations also show very good agreement with one another (for both

techniques). These attenuation coefficients are appreciably higher than those

for the unflawed inspection locations, which indicates the presence of an

attenuative defect such as matrix fracture. Matrix fracture decreases the

local modulus of a composite and means the ultrasound does not pass through a

continuous material. Both of these results is an increase in the wave atten-

uatinn coefficient on a local basis.

For Specimen 7-2, wave attenuation coefficients give an indication of the

presence of matrix fracture.

3.7.5 X-Ray Radiography

Figure 68 shows the X-ray radiograph for Specimen 7-2. This radiograph

has a definite contrast change, corresponding to the flawed area of Figure 65

and indicating the presence of an area of matrix fracture. It is very possi-

ble that an enhancement medium could be used to improve the contrast
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Figure 68. X-ray radiograph of FP/Mg specimen
with matrix fracture (Specimen 7-2).

difference of Figure 68 since the area of matrix fracture is open to a free

surface of the specimen.

For Specimen 7-2, X-ray radiography gives an indication of the presence

of an area of matrix fracture.

3.7.6 Ultrasonic Backscatterlng

Figure 69 is a backscatter curve of Specimen 7-2. The incident angle ( )
of the 5 MHz immersion transducer operated in the pulse-echo mode was 200 with

respect to a line normal to the front-face surface plane of the specimen.

This curve gives no indication of the presence of an area of matrix frac-

R ture beyond the decrease of the amplitude of the reflected pulse. The only

activity on the curve occurs when the transducer focal axis sweeps near and

through the plane normal to the fiber orientation.

For Specimen 7-2, ultrasonic backscattering does not appear to give any

appreciable indication of the presence of an area of matrix fracture.

3.7.7 Micrographic Inspection

Figures 70 and 71 show four micrographs each of sections cut and polished

0 from Specimen 7-2. The section locations (7-2-1 through 7-2-4) indicated on

Figure 70 correspond to inspection locations 7-2-1 through 7-2-4, respectively,

on Figure 65.

The low magnification micrographs shown in Figure 70 do not indicate the

I0 presence of the defect shown In the ultrasonic C-scans. Some trace of the
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p (a)

Figure 70. Micrographs of FP/Mg Specimen 7-2 (matrix
fracture) at four section locations: (a) Location
7-2-1, (b) location 7-2-2, (c) location 7-2-3, and
(d) location 7-2-4.
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matrix fracture should have been visible in Figure 70b since the section was

cut through the flawed area indicated on Figure 65.

The 200X micrographs shown in Figure 71 indicate the presence of a

material discontinuity which may be matrix fracture. The discontinuities

(highlighted with arrows) can be seen to some extent in Figure 71a, but to a

much greater extent in Figure 71b. The discontinuity appears as tendrils in

the matrix connecting adjoining fiber bundles. This is the form that matrix

fracture would be expected to take; therefore, it may be concluded that the

area shown in micrograph Figure 71b contains matrix fracture.

3.7.8 Comparison of Inspection Procedures

Of the NDE procedures used to evaluate Specimen 7-2, ultrasonic inspec-

tion, wave propagation velocity, wave attenuation, and X-ray radiography in-

dicated the presence of an area of matrix fracture. Both C-scan types showed

the location and extent of the flawed area and interpretation of the A-scans

yielded information about the through-the-thickness position and attenuative

nature of the flawed area. Wave propagation velocity data and calculated ma-

terial attenuation coefficients agreed very well with the C-scans and ultra-

sonic attenuation data in differentiating unflawed from flawed areas of the

specimen. X-ray radiography showed that the shape and extent of the area of

matrix fracture cound be determined by a method other than ultrasonic inspec-

tion.

Ultrasonic backscattering provided virtually no information as to the

state of material integrity of Specimen 7-2.

3.8 SUMMARY OF RESULTS

Table 16 summarizes the results presented in the preceding subsections.

The ultrasonic inspection and wave propagation velocity techniques were more

widely applicable to different flaw types than were the wave attenuation, X-

ray radiography, and ultrasonic backscattering techniques. The only flaw type

which ultrasonic inspection or wave propagation velocity could not detect was

the misaligned fibers, a defect which only ultrasonic backscattering could de-

termine. Since ultrasonic inspection is the only technique which gives a pic-

torial representation (C-scans) of the material flaw pattern within a speci-

men, and since it was applicable to the most flaw types, it Is the conclusion
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of this investigation that the ultrasonic inspection technique is the best of

the NDE techniques evaluated for determining the material integrity of FP/Mg

composites. It is also concluded that amplitude-time records (A- scans), wave

propagation velocities, and wave attenuation coefficients provide valuable

information about the through-the-thickness characteristics and physical na-

ture of flaws detected by ultrasonic inspection. It is apparent from the data

generated during this program that no single NDE technique that was evaluated

can provide all the information required to adequately define the state of

material integrity of FP/Mg composites.

Based on the results and conclusions of this investigation, it is recom-
mended that additional work be conducted in evaluating the applicability of

NDE to metal matrix composites. Suggestions for additional work include the

use of higher frequency (greater than 15 MHz) transducers in ultrasonic in-

spection or frequency distribution analyses. Also, it is recommended that NDE

be applied to FP/Mg specimens subjected to an "in service" simulation of ap-

plied loads. This type of investigation would indicate which NDE techniques

could map increases in flaw size as a function of load application.
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4. SUMMARY AND CONCLUSIONS

The objective of this program was to apply nondestructive evaluation

methods to assess the integrity of FP/magnesium composites.

The program was performed using an existing ultrasonic detection and

recording system using compression wave transducers operated in the pulse-

echo mode at five frequencies of 1, 2.25, 5, 10, and 15 MHz. Additionally,

low energy X-ray radiography was done with a commercially available X-ray

unit.

It was found that ultrasonic inspection with a 15 MHz transducer gener-

ating an analog C-scan gave the best pictorial representation of the prusence

of a majority of the flaw types investigated. Pen-lift C-scans were compar-

able to analog C-scans for most of the flaw types investigated and, where they

were not comparable, an increase in transducer frequency could be expected to

make them comparable to the analog C-scans. A-scans, wave propagation veloci-

ties, and wave attenuation coefficients corresponded very well with the C-

scans, but since they are point inspection procedures, they are difficult to

use to map the extent of flaws. Unenhanced X-ray radiography was applicable

to approximately half of the flaw types investigated, and indications are that

the use of enhancement media would considerably increase the applicability of

X-ray radiography. Although used only cursorily, ultrasonic backscattering

gave little indication of applicability to more than one specific flaw type.

An encouraging result of this program is that although the FP/Mg composite is

a relatively sophisticated material to fabricate and use, its integrity can be

determined without using exotic inspection techniques or equipment. This is

impressive in the light of the number of specimens and number of flaw types

investigated.
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PROCEDURES USED TO GENERATE SPECIMEN DEFECTS

The following is a brief description of the procedures used to generate

the defects in the metal matrix specimens used in this project.

o Type 1: No intentional flaws (self explanatory).

o Type 2: Fiber Matrix Debonding. The flaws were obtained by
applying a release agent (boron nitride) to the two
middle plies of the FP fiber stack before the magnesium
alloy was introduced. The release agent prevented the
matrix material from wetting the fibers.

o Type 3: Porosity. Porosity was produced by controlling the
cooling rate and amount of make-up material added to
the casting mold. By accelerated cooling and depriving
the mold of make-up material, shrinkage voids, but not
cracks, could be generated in the matrix.

o Type 4: Fiber Misalignment. Fiber misalignment was created by
cutting the middle two plies in such a way that the
fibers were oriented at lO-deg with the longitudinal
axis of the specimen.

o Type 5: Fiber Fracture. Fiber fracture was generated by
cutting the second, fourth, and sixth fiber plies at
staggered positions along the length of the specimen.
When the fiber plies were stacked, the cut plies were
separated by approximately 0.32 cm (0.13 in.) providing
a migration path for the matrix material.

o Type 6: Nonuniform Fiber Distribution. In two of the speci-
mens, nonuniform fiber distribution was created by
removing a 1.3 cm (0.5 in.) wide strip of fibers from
the fourth and fifth plies of the laminate parallel to
the longitudinal axis of the specimen. In the third
specimen, a 1.3 cm (0.5 in.) diameter hold was cut in
the fourth fiber ply near the center of the specimen.

o Type 7: Matrix Fracture. Matrix fracture was created by
quenching the cooling casting in a liquid nitrogen
bath.
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